Ecological responses to on-going climate change are numerous, diverse, and taxonomically widespread. However, with one exception, the relative roles of phenotypic plasticity and microevolution as mechanisms in explaining these responses are largely unknown. Several recent studies have uncovered evidence for temporal declines in mean body sizes of birds and mammals, and these responses have been interpreted as evidence for microevolution in the context of Bergmann's rule-an ecogeographic rule predicting an inverse correlation between temperature and mean body size in endothermic animals. We used a dataset of individually marked red-billed gulls (Larus novaehollandiae scopulinus) from New Zealand to document phenotypic and genetic changes in mean body mass over a 47-year (1958 -2004) period. We found that, whereas the mean body mass had decreased over time as ambient temperatures increased, analyses of breeding values estimated with an ''animal model'' approach showed no evidence for any genetic change. These results indicate that the frequently observed climate-change-related responses in mean body size of animal populations might be due to phenotypic plasticity, rather than to genetic microevolutionary responses. adaptation ͉ animal model ͉ quantitative genetics O ne of the major challenges faced by conservation and evolutionary biologists is to understand the role of microevolution in the population responses to the rapid, ongoing global change (1). Evidence for phenotypic responses to global warming is numerous, diverse, and taxonomically widespread (2-5). Examples include advances in phenology (2, 6, 7), poleward shifts in distribution ranges (4, 8) , and changes in population mean phenotypes such as body size (9). Although adaptation to climate change is often evoked to explain phenotypic time trends (e.g., refs. 7, 10, and 11), the available evidence for evolutionary responses sensu stricto is still scarce (refs. 12, 13; but see refs. 14-16).
O
ne of the major challenges faced by conservation and evolutionary biologists is to understand the role of microevolution in the population responses to the rapid, ongoing global change (1) . Evidence for phenotypic responses to global warming is numerous, diverse, and taxonomically widespread (2) (3) (4) (5) . Examples include advances in phenology (2, 6, 7) , poleward shifts in distribution ranges (4, 8) , and changes in population mean phenotypes such as body size (9) . Although adaptation to climate change is often evoked to explain phenotypic time trends (e.g., refs. 7, 10, and 11), the available evidence for evolutionary responses sensu stricto is still scarce (refs. 12, 13 ; but see refs. [14] [15] [16] .
A large number of correlative studies have found evidence for declines in mean body size of birds (10, 11) and mammals (17) (18) (19) over time. These results have been interpreted as evidence for animal adaptation to a warming climate in the framework of Bergmann's rule. The original formulation of the Bergmann's rule applies to geographic variation (20) and predicts an increasing mean body size with increasing latitude as an energetic adaptation to a colder environment. This is because large body size reduces the surface-to-volume ratio and thereby the loss of energy due to conduction. By inference, Bergmann's rule predicts a decreased body size as an adaptive, genetically based response to global warming (9) . However, no study has examined whether there is a genetic basis for this interpretation. The decrease in mean body size in a population can also occur as a plastic response to changes in environmental conditions, such as changes in food abundance, food quality, or prevalence of parasites. Hence, decreased mean body size over time might not represent adaptation to global warming but might be a sign of deteriorating environmental conditions. We assessed the value of these contrasting explanations by investigating changes in mean phenotypic and genetic body mass of red-billed gulls in New Zealand using a long-term dataset of individually marked birds collected over a 47-year period .
Results and Discussion
Over the duration of the study , we found that mean age-corrected body mass has been decreasing in the red-billed gull population (b ϭ Ϫ0.28; SE ϭ 0.05) ( Table 1 and Fig. 1A ) in both sexes, corresponding to a rate of 0.1 SD-units per generation. As expected under Bergmann's rule, this decline is significantly correlated with increased temperature in New Zealand over the same period (b ϭ Ϫ3.57; SE ϭ 1.98) ( Table 1 and Fig. 2 ). However, analysis of breeding values, estimated with the ''animal model'' approach (21) and using hatching year as a covariate to avoid bias toward phenotypic trend (22) , showed no corresponding change (b ϭ Ϫ0.003; SE ϭ 0.02) ( Table 1 and (Table 1) . Consequently, the decreased mean body mass and the absence of change at the genotypic level suggest that the observed trend is mostly, if not entirely, of environmental origin.
Lack of expected changes in predicted breeding values could occur because they are easily biased if the information content of the underlying pedigrees is low (22) . This is unlikely to explain our results for four reasons. First, such a bias should shift the breeding values toward phenotypic values rather than away from them. Second, 3 years of data with 100 individuals measured per year would already give good estimates of genetic parameters (23) . Our pedigree contains Ͼ40 years of data and Ͼ100 individuals for Ͼ5 years. Third, although correcting for hatching year in the animal model could reduce the likelihood of detecting a time trend in breeding values, this is an unlikely problem in our analyses. In other words, when the connectedness of the pedigree across the fixed effects is low, i.e., when there are observations of an individual and its relatives in only a subset of years, the genetic component of the variation among years may become absorbed into the year effect instead of the breeding values (22) . However, the mean lineage length in our pedigree was 2.15 (SD 0.97, maximum 7), corresponding to 22 years, which is approximately half of the study period. Hence, the substantial proportion of time covered by the observations should prevent an ''over correction'' of the data masking a trend in the breeding values. Fourth, the accuracy of breeding values (correlation between true and predicted values, assessed by the square-root of the ratio between variance in breeding values and additive genetic variance) (24) was good (0.6) and well within the range of typical values from other studies (e.g., r ϭ 0.55 in ref. 25 , r ϭ 0.65 in ref.
26). However, we note that the small difference between heritability (h 2 Ϯ SE.: males, h 2 ϭ 0.33 Ϯ 0.07; females, h 2 ϭ 0.27 Ϯ 0.07) and reliability (0.6 2 ϭ 0.36) suggests that the information contained by breeding values may be limited and that the analyses of breeding values may be subject to low statistical power. This means that we cannot rule out the possibility that part of the observed change in phenotypic means over time might be of genetic rather than environmental origin. Breeding values for mass are estimated from an animal model containing individual and permanent environment effects. Time trends in phenotypic and breeding values were assessed against the hatching year of the birds. Shown also is the effect of temperature anomaly on body mass. The interpretation that the decline in mean body mass over time is due to environmental rather than genetic effects is further supported by two lines of evidence. First, the analyses of natural selection on body mass show no evidence for directional (or quadratic) selection on body mass in either sex whether using lifetime production of recruits (Table 2 ) or fledglings ( Table 2) as estimates of fitness. Likewise, no evidence for directional selection through survival was observed [supporting information (SI) Table S1 ]. Hence, although body mass is heritable in both sexes, no evolutionary response of mass is to be expected. Second, in analyzing changes in traits indicative of the degree of environmental stress experienced by the population, we found a significant decline in survival probability over the study period (posterior mean estimate and 95% confidence interval for change in annual survival probability from 1968 to 2004 in males: Ϫ0.042 [Ϫ0.085; 0.000), P ϭ 0.026; in females: Ϫ0.063 (Ϫ0.104; Ϫ0.025), P ϭ 0.001], supporting the interpretation that the environmental conditions in the study population have been deteriorating over time. Consequently, the breeding population size of red-billed gulls has declined since 1983 (b ϭ Ϫ141.70, SE ϭ 45.95, F 1, 20 9.51, P ϭ 0.006) from 5,888 to 3,737 breeding pairs.
Our results question the interpretation of temporal ''Bergmann clines'' as adaptive responses to a warming climate. In contrast, they indicate that body size declines can simply be environmentally induced responses to some form of environmental stress. Unlike some other seabird species, such as the black-legged kittiwake (Rissa tridactyla) where a decline in fish stocks has affected feeding conditions (e.g., ref. 27), there has not been a commensurate decline in the availability of euphausiids, the main food of the red-billed gull, during the breeding season to account for the decline in the size of the bird (28) . At the same time, a reduction in the abundance of food outside of the breeding season, when the bird is a more generalist feeder may have been a contributing factor. However, in the context of global change, many other factors, such as changes in habitat quality and interspecific interactions, may account for this decline. If so, this also means that temporal Bergmann clines could perhaps be viewed as warning signals, rather than comforting examples of microevolutionary adaptation in response to climate change. In more general terms, our results demonstrate the danger of drawing evolutionary inference from purely phenotypic data, a conceptual point also brought home by two case studies where phenotypic and genetic changes occurred in opposite directions (29, 30) .
Most microevolutionary studies of climate change responses have overlooked or failed to find evidence for genetic adaptation (31) . Yet the knowledge about the genetic vs. plastic basis of observed responses is important, both in terms of devising conservation practices and management strategies (e.g., refs. 31 and 32) as well as for our understanding of temporal phenotypic trends in the context of Bergmann's rule (9). However, disentangling genetic from plastic responses to human impacts has proven challenging (12, 31) . Fisheries induced responses to size selective harvesting provide a case in point. Despite a wealth of phenotypic data for which time trends match expected response to selection from fishing, hard evidence for genetically based changes in life history traits from the wild is still lacking (33) (34) (35) .
As the results of this study show, the same applies to the temporal trends in vertebrate body size commonly interpreted to reflect adaptive responses to climate change in the context of Bergmann's rule.
Methods
Data. Data on red-billed gulls (Larus novaehollandiae scopulinus) were collected between 1958 and 2004 from a colony breeding in Kaikoura, New Zealand. Each year, breeding attempts were monitored from egg-laying until fledging of the young, and all parents and young were banded with individually numbered metal bands. A pedigree of seven generations and 16,520 individuals was based on these records. Because generation length of redbilled gulls-defined as the average age of breeding individuals-is Ϸ10 years, the data hence covered roughly on average four generations. Mass was recorded for 3,417 breeding individuals of known age, and 871 individuals were measured twice or more.
As a precaution against the possibility that body condition may change faster than body size, we tested for time trend in tarsus length. Mean tarsus length at phenotypic level decreased with time (estimate Ϯ SE: Ϫ0.376 Ϯ 0.068, F 1, 42 ϭ 66, P Ͻ 0.001) but not at level of breeding values (0.009 Ϯ 0.016, F 1, 41 ϭ 0.34, P ϭ 0.56). Hence, the data on linear measurements corroborates the results obtained using body mass. Because (i) more body mass than tarsus length measurements were available, and (ii) Bergmann's rule deals explicitly with volume (and hence mass) rather than with linear measurement of body size per se, only results based on body mass are reported.
Age-corrected mass, used in the estimation of time trends and selection analyses, was obtained by using mixed model predictions, with individual identity as a random effect and age as a covariate for which polynomials up to the second degree were fitted. The age at which mass is predicted was arbitrarily set to 5 years. Individuals were followed 1958 -2004, and hence, with respect to hatching year, records were available for birds hatched in 2002 or before. Because only a subset of the individuals in the population were followed through their lifetimes, the sample of birds we used in the selection analyses (see below) was significantly smaller than the sample of birds of known age for which we had mass measurements.
Quantitative Genetic Analysis.
Predicted breeding values and heritabilities were estimated with the aid of an animal model, which is a mixed model restricted maximum likelihood (REML) procedure using the software ASReml (36) . Animal models were fitted separately for females and males to break down individuals' phenotypic mass into components of additive genetic value and other random and fixed effects (37, 38) . In all models, individual's age and hatching year were fitted as categorical fixed effects. Because permanent environmental (PE) effects and maternal effects can inflate estimates of additive genetic variance, we used a model selection approach to estimate the significance of these effects. Both effects were nonsignificant (see Table S2 ) but PE was kept in the final model to account for the nonindependence of repeated measurements of same individuals in different years.
The narrow sense heritability (h 2 ) was estimated as the ratio of the additive variance (V A) to the total phenotypic variance after accounting for fixed Standardized selection differentials were estimated regressing relative estimate of lifetime reproductive success and lifetime fledging success against standardized mass according to the procedures described by Lande and Arnold (40) .
effects (VP): h 2 ϭ VA/VP. Best linear unbiased predictors (BLUP) of individual breeding values (i.e., the expected effect of the genes that an individual passes on to its offspring) were quantified. Changes in BLUP estimates of breeding values in different generations or years reflect changes in the genetic composition of the population resulting from selection, genetic drift, or inbreeding (38) . Because the annual size of the Kaikoura breeding population was large, varying annually from 2,315 to 9,212 pairs, the occurrence of genetic drift was unlikely. Likewise, there was no inbreeding in this population. Therefore, changes in breeding values over time can be taken as evidence of a response to selection (29) .
Analyses of Time Trends. Testing for time trends in both age-corrected mass measures and breeding values were conducted by using generalized linear mixed models, where hatching year was fitted both as a linear fixed effect to estimate time trend and as a random effect to account for the nonindependence of observations within the same year of birth. Analyses performed by using yearly mean values weighted by the inverse of their standard deviations gave qualitatively similar results. These analyses were run with the R statistical package (39) .
Time trends in survival were estimated separately for each sex from capture-mark-recapture data by using a Bayesian hierarchical model (40) in OpenBUGS software (http://mathstat.helsinki.fi/openbugs) (41) . We included the 4,603 color-banded individuals of known age in the analysis. Band loss was not a problem as all color-marked individuals had a stainless steel numbered band in the combination and none of these metal bands were lost due to band wear even after 20 -25 years. Annual survival probability and annual probability of capture after the marking of the individual were modeled on logitnormal scale as a function of mean, year and age of the individual. Age was treated as a random effect in both cases. Year was treated as a random effect for capture probability and both as a random effect and a covariate for survival. The inclusion of year as both random effect and covariate allowed us to estimate the time trend in survival and the variation around it. We used vague normal priors (mean 0, variance 10) for the mean and the year as a covariate and noninformative priors [gamma(0.001, 0.001)] for the precision of random effects. Three chains of 20,000 iterations were run with a burn-in period of 10,000 iterations. Convergence and mixing were monitored by eye.
Selection Analyses. Selection on body mass was assessed with standard regression methodology by regressing a relative estimate of fitness (see below) against standardized (age-corrected) mass (42) . Because red-billed gulls are long-lived (average lifespan ϭ 13 years but potentially up to 30 years), we used reproductive success (number of offspring recruited into the breeding population) at an age of 15 years as a proxy for lifetime reproductive success (LRS) to obtain a reasonable sample size and to avoid favoring individuals who died young. This was justified because (i) 76% of females and 84% of males had died by the age of 15 and because (ii) the correlation with this proxy and true LRS for a subset of birds known to have completed their life and died after they were 15 was very strong (males: n ϭ 70; r ϭ 0.86, P Ͻ 0.0001; females: n ϭ 41; r ϭ 0.92, P Ͻ 0.0001). Hence, the selection analyses were restricted to birds born before 1985 so that offspring had still 5 years to be recruited and observed as breeders in the population (age at first reproduction in males and females is 3.3 and 4.2 years, respectively). This process resulted in a dataset of 551 individuals for which mass measurements were available. Sample size is smaller in females than in males because we had to exclude from the analysis all of the females that had been breeding in a female-female pair at some point in their life.
Because lifetime reproductive success estimated as the number of recruited offspring in the population can confound both parental and offspring fitness (43), we also ran selection analysis by using lifetime fledging success and yearly survival as fitness estimates. Selection analyses were made with the software package R (39).
Weather Data. We used temperature anomaly estimates (calculated as the annual differences from the 1971-2000 average) at the country level as a temperature proxy because outside of the breeding season red-billed gulls move around widely, but also because many studies have shown that larger scale estimates of climate can be better predictors of biological phenomena than local weather (44) . These data were obtained from the New Zealand meteorological center website (45) .
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